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ABSTRACT
The u.S. Navy currently uses sonar buoys (sonobuoys)
launched from aircraft to locate and track submerged
submarines. The sonobuoys are manually programmed on the
ground prior to insertion in the aircraft sonobuoy launch
tube (SLT) , to operate at the projected optimum depth,
lifetime and radio frequency (RF) data transmission
channel for the search area. As conditions change in the
operation area, there is no way to reprogram the
sonobuoys in flight for optimum operation.
The Optical Remote Function Select (ORFS) is a
system which allows the operator to interrogate, program
and verify these operational parameters as many times as
required while the buoy is in the aircraft SLT. The ORFS
system consists of a computer, a modulator/demodulator
and an optical data link.
This thesis details the design and development,
including results of laboratory and flight testing, of a
single SLT ORFS system developed at the Naval Air
Development Center. The report also details a complete
system design proposed for the u.S. Navy P-3C aircraft
and preliminary work done towards the verification of the
ORFS system.
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1.0 INTRODUCTION
Currently the U. S. Navy and other NATO countries
use various types of sonar buoys (sonobuoys) dropped from
aircraft when attempting to locate submerged submarines.
For this report, a generic sonobuoy will be assumed which
includes an acoustic transducer, a radio transmitter, and
a long spool of wire which serves to tether the
transducer at the selected depth and provides the signal
path between the two units. The sonobuoys are packaged
in sealed, cylindrical plastic containers (sonobuoy
launch container (SLC)) approximately 5" in diameter and
40" in length. The SLC is loaded externally into an
aircraft launch tube while the aircraft is on the ground.
When the aircraft reaches the operating area, the
sonobuoy is deployed from the aircraft so as to land in
the water at an appropriate spot to listen for noise
generated from the submarine. When the sonobuoy enters
the water, a salt water battery is energized which
triggers the inflation of a flotation collar. This
collar keeps the radio transmitter floating on the water.
The transducer is then released from the transmitter
package and the transducer wire is payed out until the
transducer sinks to the selected depth. The acoustic
signal received by the transducer is converted to an
electrical signal and sent up the wire. The radio
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transmitter sends this signal over a VHF radio channel to
the aircraft. The aircraft systems receive this signal
and through various techniques attempts to determine if a
submarine signal is present, and, if so, the location of
the submarine. After a certain preset lifetime, the
sonobuoy scuttles itself and sinks so as not to tie up
the RF channels with sonobuoys that are no longer in
optimum positions. This occurs through ocean currents
moving the sonobuoy or the submarine transiting away from
the area.
Because sound can be reflected at the interface of
thermal layers, a submarine can acoustically "hide" from
a poorly placed sonobuoy. It is imperative that the
transducer be placed at the proper depth and in the
proper location in order to operate at the most favorable
(for the aircraft) signal to noise ratio.
1.1 CURRENT SONOBUOY PROCEDURES
During the aircraft preflight, an operational plan
is formulated to include estimates of the submarine
location or intended search area, the thermal properties
of the water in the area, the sonobuoy patterns to lay,
and the search pattern the aircraft is to fly. Once this
3
is completed, the required types and amounts of sonobuoys
are drawn from inventory and transferred to the aircraft.
Older sonobuoys relied on mechanical switches to set
parameters and a crystal to set the radio frequency (RF)
channel. The newer sonobuoys utilize a microprocessor
and thus have expanded capability to be programmed to
operate in a certain configuration as required by the
mission scenario. For this generic sonobuoy, these
capabilities include the operating lifetime, the
transducer depth, and the RF channel for the data link.
This programming is currently accomplished with the
sonobuoy electronic function select (EFS). The EFS
consists of push buttons to change the parameters and a
display to verify the parameters. The buttons and
display are part of the sonobuoy and are accessible
through a flexible urethane window on the SLC. After
programming is completed, the sonobuoy is loaded into one
of the sonobuoy launch tubes (SLTs). A table is
generated by the loader to include the type and the
operating parameters of each buoy loaded into each SLT.
This table information is loaded into the mission
computer which is programmed to keep track of the stores
inventory. The tactical coordinator officer (TACCO) then
4
uses the mission computer to launch sonobuoys when
required.
1.2 CURRENT DEFICIENCIES
The current procedure suffers from many deficiencies
which result in less than optimal operation. The first
bottleneck is the time it takes to program each sonobuoy.
In the case of the Navy P-3C aircraft, there are 48
externally loaded SLTs that can be loaded; therefore,
each of these 48 sonobuoys must be programmed. This
individual programming wastes valuable time and is prone
to error if the loader is not careful.
A major source of error is in the generation of the
load table. If the loader is not careful in loading and
generating the table, the TACCO will have problems trying
to launch the correct buoy; and, of course the inventory
will be in error.
When the aircraft arrives on station, the thermal
properties of the water are verified by launching a
bathythermograph (BT) buoy which profiles the water
temperature. The overriding deficiency with the current
system is that when the water thermal properties measured
by the BT buoy are different than the predicted
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properties, the aircraft cannot reprogram the sonobuoys
for the optimum configuration. This problem occurs
frequently because of lack of reliable information, or
during transit, the aircraft is directed to a different
operating area.
Another problem that frequently occurs is that some
of the 99 available RF channels can become unusable,
either through a failed aircraft receiver or through
background RF interference. When this occurs, the
sonobuoys pre-programmed to use those channels are
rendered useless.
1.3 REQUIREMENTS FOR A REMOTE FUNCTION SELECT SYSTEM
The shortcomings described in section 1.2 drove the
Navy to explore the possibility of developing a system
that could interrogate, program, verify, and reprogram
sonobuoys while they are still in the SLT. Some basic
design requirements of the remote function select (RFS)
system were formulated and are as follows.
a. The system must be reliable. If it is not, the
operators cannot use the system and will not rely on the
system when needed, and therefore, the whole effort is
\-lasted.
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b. The system must be small and lightweight because
weight added to an aircraft is detrimental to the
aircraft operational characteristics.
c. Aircraft currently in the fleet must be modified,
therefore, the system should be easy to install and the
design should be applicable to all ASW aircraft types.
d. The technique must be simple and inexpensive to
implement in the sonobuoy because the sonobuoy is a use
once only device, and the Navy uses thousands of units in
a year.
e. Some Navy aircraft types are configured with 60
SLTs in a close packed arrangement, therefore, the link
must have a high noise immunity between adjacent launch
tubes.
f. The system must include a bi-directional link
between the aircraft and the sonobuoy so that the
sonobuoy can be interrogated to determine its type and
setup for inventory and also any re-programming can be
verified.
7
g. The system must not radiate any RF energy that an
adversary could detect to determine the presence of the
aircraft.
1.4 DESIGN TRADE-OFF ANALYSIS OF AN RFS SYSTEM
Following the criteria of section 1.3, some initial
techniques to link data between the aircraft SLT and the
sonobuoy were tabulated and evaluated. These initial
ideas included:
a. Electrical contacts
Contacts get dirty and corrode, reducing the
reliability. It is also a packaging problem to bring
signals out of the sonobuoy and through the SLC.
b. Induction Loops.
An induction loop could be wrapped around the SLT
and a receiving loop installed in the sonobuoy. This
technique is not optimum because of weight, complexity,
adjacent noise immunity, and emissions.
c. RF Link.
An RF link between the SLC and the buoy is not
feasible because of RF emissions and adjacent noise
immunity.
8
d. Solenoids to push EFS buttons.
A quick and dirty technique is to use a solenoid to
push the existing EFS buttons but this is perhaps the
worst idea because of complexity, weight, alignment
problems and lack of a verification technique.
e. Fiber Optic Devices
Initially optical fibers were considered as a
mechanism to carry a data stream from a central optical
transmitter (Light Emitting Diode (LED) or laser diode)
to each launch tube. After considering the optical
design and optical power budget, this technique was ruled
out as too complex.
f. Optical Link
An optical link could be a technique that would
conform to the requirements of section 1.3 if proper
design is followed. This is the technique that was
pursued and will be described in detail.
1.5 THE OPTICAL RFS (ORFS)
The idea of using an optical link to transmit a data
stream from the aircraft SLT to the sonobuoy appeared to
be a viable idea. The optoelectronic devices are
9
inexpensive and reliable. There are no RF emissions that
could be detected. Also there is high noise immunity
between adjacent launch tubes.
Some of the important design criteria for the
initial specification are as follows:
a. Data Rate and Format
Because only the depth, lifetime, and RF channel are
the parameters required to be programmed, the data link
does not have to pass a large amount of data words;
therefore, a slow channel rate of 300 baud was selected.
A standard 8 data bits, one start bit, one stop bit and
no parity bit word format was used.
b. Modulation Type
To keep the system simple, binary amplitude shift
keying (ASK) modulation was used with a carrier frequency
of 19.2 kHz. The ASK technique is defined as an inactive
light state (light off) is interpreted as a logical '1'
and an active light state (light on at 19.2 kHz
frequency) is interpreted as a logical '0'.
10
c. Optical Frequency
Infrared Emitting Diodes (IREDs) and IR detectors
operating between 800 nm and 1000 nm are the preferred
choice for an optical link. The detector is relatively
immune from ambient light interference and both
components are generally inexpensive.
These general guidelines were documented and a
formal specification was generated by the Naval Avionics
Center (NAC) , Indianapolis, Indiana. This specification
titled "SPD-22, REQUIREMENTS FOR THE SONOBUOY REMOTE
FUNCTION SELECT" specified all the formal requirements
and also included the guidelines specified above. Other
requirements such as locations of the optical receivers
and transmitters, dimensions, and word formats for each
particular sonobuoy types were in the SPD-22 as well.
1.6 SECTION SUMMARY
Currently the Navy has a frequent problem of placing
the correct sonobuoy in the correct position. But, since
newer sonobuoys use microprocessors to control certain
parameters, a solution to this problem can now be a
proposed. The microprocessor controls the various
functions and can be modified to accept data from a data
link between the sonobuoy and aircraft so as to re-
11
program these functions and send a reply. Various
techniques were evaluated and it appears that an IR
optical data channel could provide the mechanism to link
data between the aircraft launch tube and the sonobuoy.
As a starting point, a specification was generated which
needs to be evaluated in the real world.
12
2.0 THE LABORATORY OPTICAL REMOTE FUNCTION SELECT (ORFS)
About December 1989, the Navy was about to commit to
the development and production of a new anti-submarine
warfare (ASW) aircraft, and the ORFS system would be
included in the aircraft design. Before the Navy would
agree to the development of a full ORFS system for this
new aircraft, a laboratory proof-of-concept model was
requested to be developed in order to evaluate the
concept and determine any problems, and recommend
improvements to the specification. This task, which
includes the development, testing and evaluation of a
proof-of-concept system, was assigned to the Naval Air
Development Center (NADC), Laser/Magnetics Systems
Branch. Because of the urgency of the task, the proof-
of-concept system was designed almost entirely
empirically using components that were on hand. A more
formal design analysis is presented in section 3.1.
2.1 SYSTEM DESCRIPTION
A laboratory proof-of-concept system was developed
in order to verify the operation of the optical link and
the associated hardware in a simulated aircraft
environment. As can be seen in Fig. 1, the system
consisted of two personal computers (PCs) , two
modulator/demodulator (MODEM) boxes, along with
13
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optoelectronic receivers and transmitters and their
associated mounting fixtures and windows.
The stores management system (SMS) PC simulates the
aircraft computer. This PC generates the message to send
to the sonobuoy which is one of the messages defined by
the SPD-22 specification. The message consists of 8
words of 8 data bits in length with one start bit, one
stop bit and no parity bit at a 300 baud rate. This
message is sent over an RS-232 serial channel to the
aircraft MODEM box.
The MODEM box (Fig. 2) contains the ASK modulator
and demodulator circuits. The serial data from the PC is
received and ASK modulated. The ASK modulator circuit
consists of a local oscillator and divider circuits to
produce a 19.2 kHz carrier frequency. The carrier is
gated with the data stream to produce the ASK modulated
data stream. An open collector buffer inverter is used
as a current sink for the IRED with a 47 ohm resistor as
the current limiting resistor.
This drive signal is wired to the SLT
receiver/transmitter (R/T) assembly (Fig. 3). The R/T
assembly (Fig. 4) holds the IRED transmitter and IR
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phototransistor detector and was designed to allow the
maximum clear viewing area for the receiver. The IRED
for this experiment was a siemens Components part number
SFH 482 Gallium Aluminum Arsenide (GaA1As) IRED. This
IRED can provide 8 mW of radiated power at 880 nm
wavelength with 100 rnA forward current over a 40 degree
(3 dB) half angle beam width. The on and off switching
time (tr , tf) is on the order of 0.6 uS which results in
a maximum operating frequency of approximately 800 kHz.
For this application, the IRED was not driven with the
full recommended current. Approximately 60 rnA of forward
current was used which results in about 60% of the
typical power output or 4.8 mW. This reduced power still
provided exceptional results which are presented in
section 2.2. The wide beamwidth was used to maintain
operation with misalignment between the SLT transmitter
and sonobuoy receiver. These limits are also presented
in section 2.2.
The IR energy is transmitted through the transmitter
acrylic (Plexiglass) window, through the urethane window
of the SLC, and then through the receiver window where it
finally reaches the receiver detector mounted in the
sonobuoy R/T assembly. The detector is a
phototransistor, siemens LPT-80, which is designed to
19
receive, with high efficiency, radiation between 450 and
1080 nm. The peak sensitivity occurs at about 870 nm.
This type of device will operate up to approximately 50
kHz which provides enough bandwidth for this experiment.
This phototransistor was chosen because of the 40 degree
half-angle acceptance angle of the device. This wide
acceptance angle is necessary in order to operate with
misalignment between the transmitter and receiver.
The electrical signal from the phototransistor is
fed to the MODEM card where it is amplified by a discrete
amplifier with a gain of approximately ten. The signal
level is limited with diodes and fed to a phase-Iock-Ioop
tone (PLL) decoder integrated circuit (rC), National
Semiconductor LM-567C. The tone decoder IC is basically
a standard PLL device with the addition of a carrier
detect output signal. This signal provides a saturated
transistor switch to ground when an input signal is
present within the passband.
The tone decoder circuit was designed to operate at
a free running frequency (fo) of 19.2 KHZ. This is done
by selecting Rt and Ct such that:
fO l/(Rt Ct)
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and the recommended value of Rt is between 2 kOhm and 20
kOhm for best temperature stability.
The circuit was also optimized for speed of
operation. The minimum lock-up time is related to the
natural frequency of the loop. The lower the natural
frequency, the longer becomes the turn-on transient.
Thus, the maximum operating speed is obtained when C2 is
at a minimum. This is done by selecting C2 and C3
according to the following expressions.
C2 = 130/fo uF
C3 260/fO uF
For fO = 19.2 kHz this results in C2 = 0.0068 uF and
C3 = 0.013 uF (0.015 uF standard value).
By selecting C2 at a minimum, the detection
bandwidth is then the widest available. The typical
detection bandwidth is specified as 14% of fOe This
results in a bandwidth of +/- 2.6 kHz around fOe For
this application, this bandwidth is acceptable because
the expected carrier should not vary more than a few
21
percent and no noise signal is expected to be encountered
within this bandwidth.
The minimum carrier cycles per. data bit ratio at
which digital information may be detected without
information loss due to turn-on transient is specified by
Signetics at about 10 cycles per bit and this was
confirmed during the testing in section 3.3. For this
experiment, the specification is 64 cycles per bit
(19,200 Hz/300 bits per second) which means the PLL tone
decoder circuit is more than adequate for this
application.
The tone decoder circuit also incorporates output
chatter prevention feedback circuitry. This circuitry
prevents the output stage from transitioning through the
threshold more than once. If mUltiple transitioning were
allowed to happen, the logic circuits connected to the
output would recognize the chatter as a series of ones
and zeros which could result in message errors. The
circuitry added to prevent output chatter includes a
feedback resistor and capacitor which are added between
the output and the lock detector filter capacitor (C3).
This scheme operates by feeding the first output step
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back into the input, pushing the input past the threshold
until the transient conditions are over.
The demodulated signal is then fed to an RS-232 line
driver for transmission to the sonobuoy simulator pc.
The sonobuoy simulator pc receives the message,
checks for errors, and then sends a fixed reply message
as defined by the SPD-22 to the SMS pc using an identical
parallel path. When the SMS pc receives the reply
message, the message is checked for errors, and the
results are tabulated and displayed. The SMS message is
then sent out again and the process continues until
halted. Both PCs will always send the same message.
Both units are programmed in a similar way to verify the
received message against the expected message, and to
display a running count of messages received and the
number of bytes in error.
2.2 SYSTEM TESTING
The testing of the ORFS system was primarily geared
to evaluate the concept of an optical link and to
discover any problems associated with the present
specification. The testing was limited to quantifying
the optical dynamic range of the instrumentation, the
23
angular misalignment extent of operation, the influence
of ambient illumination and the effects of light
scattering due to environmental and operational
conditions. The bit error rate (BER) testing was done to
evaluate the optical link under simulated conditions as
would be encountered in the real world.
The optical dynamic range was measured by
introducing a series of neutral density filters into the
light path between a transmitter and a receiver while
conducting BER testing. Zero channel error was
maintained up to an optical density of 1.1 where the
system became "extremely" unreliable. This corresponds
to an intensity reduction factor of approximately 13 (11
dB). Later tests with the airborne system resulted in a
much higher dynamic range. Since this hardware was
dismantled and certain parts were used in the airborne
system (section 3), these earlier dynamic range tests
could not be repeated to verify this result.
The SLC is held in the SLT by a set of mating tabs.
To load a sonobuoy, the sonobuoy is inserted into the SLT
and rotated approximately 45 degrees until the SLT anti-
rotation latch locks into the SLC indentation. This
anti-rotation latch prevents the SLC from rotating,
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unlatching, and inadvertently falling out of the launch
tube during flight. Because there is a range over which
the SLC can rotate in the SLT, the ORFS optical link must
accommodate this misalignment. The angular range of
operation of the ORFS was measured by rotating the
sonobuoy with respect to the SLT while measuring BER.
The total angle of misalignment in which the ORFS would
maintain 0 BER was 30 degrees, i.e., 15 degrees either
side of center. When this testing was done, there was no
specification given for this requirement; therefore, this
allowable misalignment angle was assumed to be more than
adequate to accommodate for misalignment. Measurements
done at a later date (section 5.7) confirmed this
assumption and placed a limit on the requirement for
misalignment operation.
One of the concerns of using an optical link is the
interference generated by ambient light which includes
unmodulated light (sunlight) and 60 Hz and 400 Hz
modulated light (artificial). The ORFS system was
routinely operated in a brightly lit room without
saturating the receiver and maintaining 0 BER. The light
intensity, florescent lighting and sunlight, measured 200
microwatt/cm2 (uW/cm2 ) @ 120 Hz and 1 milliwatt/cm2
2(mW/cm) @ D.C .. These tests were conducted in an
25
environment much more severe than would normally be
encountered in the aircraft with regard to ambient light
illumination, because of the nature of the test fixture.
In the test fixture, the transmitter and receiver are
mounted close to the open ends of the tubes; this
configuration allows for much more ambient illumination
to arrive at the receiver. Additionally, the R/T
assemblies have been operated under ambient illumination
while dismounted. Plus, the initial breadboard testing
was done with the IRED and phototransistor simply pointed
at each other. Both configurations resulted in 0 BER.
In conclusion, no problems were observed related to the
normally encountered ambient illumination.
The effects of light scattering were determined in
two simple tests which are related to the effects of long
term use and environmental conditions. A plastic sheet
was heavily abraded with 150 grit size emery cloth. This
sheet was used to simulate the effects of abrasion on the
optically transmitting surfaces between the IRED and
detector. Signal continuity was maintained when this
sheet was inserted between the R/T assemblies, although
there were some problems associated with light being back
scattered. This effect is addressed in the section 4.2.
26
Because the normal mission plan requires the
aircraft to transition through various altitudes and
operate in cold climates, the optical windows are prime
candidates to accumulate frost build up. In order to
simulate this effect, white 20 lb. bond paper was
inserted between the R/Ts. In this configuration the
ORFS system operated with 0 BER, however reflection
problems similar to the aforementioned ones, were
encountered.
The ORFS system was also turned over to an
environmental testing group to characterize the effects
of temperature extremes and temperature cycling.
Additional tests with oil film and dirt build-up on the
optical windows were also conducted. To quickly
summarize the results, the ORFS system could not be made
to fail during this testing.
Even though the system performed well, the design
and technique was not without faults. For instance, the
initial specification calls for a logic 0, which
corresponds to an idle state, as IRED active. It also
defines some IRED turn-on time before the message and
turn-off time after the message. A more straightforward
approach was to invert the logical definition such that a
27
logic 0, which corresponds to idle, as the IRED inactive
state. The MODEM was modified (Fig. 5) and the majority
of these tests were rerun. The system operated as well
as if not better than the initial configuration. The
"better" performance was achieved during the frost and
abrasion simulation tests because now only one
transmitter is on at a time, reducing the chance of the
R/T jamming itself with back-scattered light while trying
to receive the true signal. This better performance is
qualitative. It is based on the results of looking at
the "cleanliness" of received signals; because in both
cases the system achieved a BER.
2.3 RESULTS
The initial proof-of-concept ORFS system performed
better than expected. The unit would routinely operate
with a BER during various simulated conditions. The
definition of a BER for this report is no errors in
"hours" of continuous operation. The lack of errors
resulted in the lack of taking true scientific data where
the number of bits and the number errors would be
recorded, graphed and statistically analyzed.
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2.4 SECTION SUMMARY
The ORFS system development was taken from initial
specification to a working proof-of-concept model. In
all tests that could be envisioned to simulate the real
world, the system would routinely maintain 0 channel
error. The concept was still in infancy and additional
testing and evaluation still needed to be done to insure
the reliability and applicability to the task.
While working with the system some peculiarities
were discovered such as the logic convention previously
reported. Others, which led to design change
recommendations are reported in sections 4 and 5.
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3.0 THE AIRBORNE ORFS
The success of the laboratory proof-of-concept ORFS
system succeeded in converting most skeptics in the Navy
to accepting the fact that an optical link could work in
this application. The final proof of the technique would
be to install the system in an aircraft and flight test
the system. This next section describes the steps taken
to redesign the system in order to accomplish the
airborne testing.
3.1 ANALYTICAL SYSTEM DESIGN
The initial system, because of time constraints and
unfamiliarity with the pitfalls associated with an
optical link technique, was designed almost entirely
empirically on a breadboard trial and error basis.
Learning from the previous experience plus having more
development time available, a more formal analytical
design approach could then be taken.
The standard approach for an RF data link analysis
is to use the free-space propagation equation. This
equation factors in the power out of the transmitter and
the receiver sensitivity plus factors in all the gains
and losses associated with antenna radiation patterns. A
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similar approach, which is referred to as the flux
budget, can now be used for the optical link design.
Analyzing the power out of the transmitter and the
radiating pattern will be the starting point. The
manufacturing process of IREDs results in devices with
various power output levels for the same drive current.
The devices are tested and a dash number is assigned to
the basic part number to indicate the total power output
available from the device. In order to stay on the
conservative side, a low output power dash number IRED
was chosen. Also, in the actual aircraft configuration,
the transmitter and receiver are mechanically aligned to
within a few degrees; therefore, a narrow beamwidth
device could be used such as the Honeywell SE 5470-1
which is specified as 7 mW typical power output (at 100
IDA IF) into a 10 degree half angle beamwidth.
Considering that the MODEM will consist of primarily
digital TTL ICs, an open-collector TTL buffer would be
assumed to drive the IRED. A typical TTL buffer will
sink 40 IDA of current at a guaranteed maximum output
voltage of 0.8 V (VOL). Using these numbers, the load
resistor can be calculated and a typical drive current
and optical power output can be determined.
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The load resistor is calculated from
where Vcc = 5 V (typical TTL level). VF is the diode
forward voltage drop and varies with drive current. This
relationship is characterized by the manufacturer and for
a 40 rnA IF, the voltage drop is 1.25 V. The load
resistor value therefore is 74 ohms. To be on the
conservative side, a standard value 100 ohm resistor will
be used which corresponds to about a 30 rnA IF. The
emitted radiation of a GaAIAs IRED (and LEDs in general),
in the normal operating range, changes linearly with
forward current; therefore, a device operating at 30% of
the rated IF (30 rnA/100rnA), will output 30% of its rated
optical power or 2.1 mW (30% of 7 mW).
This optical signal must transmit through three
windows and the losses with these windows must be
factored into the equation. The signal loss, assuming
transparent windows, is attributed mostly to reflection
caused by differences in index of refraction between air
and the window material. Using Fresnel's formula, which
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solves for the reflection of light in a transparent
medium in air, this reflection can be calculated.
If i is the angle of incidence, r the angle of
refraction (measured from normal to the surface), the
ratio of reflected light to incident light is given by
R = 1/2 ([sin2 (i-r)/sin2 (i+r)]+[tan2 (i-r)/tan2 (i+r)]}
The beamwidth of the IRED is given as 10 degrees
(0.17 Radians) half angle, also, the alignment of the
transmitter and detector will maintain approximately
normal incidence; therefore, for i near 0 (normal
incidence), the small angle approximation for sin and tan
could be used which is
sin x x and tan x = x
which results in
which reduces to
R = {(i-r)/(i+r)}2
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This equation needs to be put in terms of the index
of refraction so that it can be solved for a reflection
ratio. The index of refraction is an important parameter
of materials and can be found in various chemical data
books (CRC Handbook of Chemistry and Physics). Recalling
Snell's law which is
nl sin i = n2 sin r
where nl and n2 are the index of refraction for the two
mediums, and using the same small angle approximation,
Snell's law reduces to
For air, nl = 1 (approximately), therefore Snell's law
reduces to
Substituting this into Fresnel's equation yields
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which reduces to
The index of refraction for thermoplastics range
from 1.5 to 1.6 which result in 4% to 5% reflection from
each surface, or 8% to 10% total loss per window.
Using the 10% (0.92 dB) loss figure from each
window, the optical power at the detector will be reduced
by 27% (2.75 dB) from the original 2.1 mW, or 1.5 mW.
This optical power must be converted to an
irradiance value (H) or power per unit area, at the
detector to determine the receiver signal level. The
illuminated area may be determined by
where
r = Aperture Radius
therefore it is necessary to determine the aperture
radius. The distance (d) between the transmitter and
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receiver is approximately 1 3/4 in. (4.5 cm.). The
transmitter beamwidth is given as 10 degrees half angle
(Phi). Using simple geometry,
sin Phi = rid
therefore
r = 4.5 sin 10
or the radius is 0.78 cm .. The illuminated area is
therefore 1.9 cm2 . H at the detector is therefore 1.5
mW/1.9 cm2 or 0.8 mw/cm2 •
The output current of a phototransistor (iext) is
defined by
where hfe is the common emitter gain of the transistor.
The ilambda is the output current of a photodiode
operating in the photoconductive mode (reverse bias with
a bias voltage applied) and is defined as follows
ilambda = (n H A lambda e)/(h c)
where
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n Efficiency (# electrons out/# photons in)
H = Irradiance
A = Active detector area
lambda = Wavelength
e = Electron charge
h Planck's constant
c = Speed of light
In order to save the user from calculating this
value, the manufacturers have tested their devices and
provide this information in tables and charts. The
importance of the above equation is the linear
relationship between irradiance at the detector and
current output. The deviation of this linear
relationship between the irradiance and the photocurrent
output is less than 20% and usually less than 10% over
four powers of ten of photocurrent from some 100 nA (dark
current) to some rnA (near maximum device dissipation).
The light current specification value for the
Honeywell SD 3443-1 is given as 0.5 rnA minimum with H 5
mw/cm2 . with the calculated irradiance value of 0.8
m\~/cm2, from the typical performance curve of IL vs H,
the expected signal level should be 0.08 rnA. To convert
this current signal to a voltage signal a transimpendance
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amplifier (see section 5.4) or a load resistor could be
used. The load resistor used previously is 1.5 kOhm,
which would result in a signal level of 120 mV.
The smallest detectable input voltage for the LM567
tone decoder is listed as 20 mV rrns typical and
guaranteed 25 mV rms (70 mV P-P) maximum. The optical
link will therefore provide enough signal to operate the
tone decoder and expected dynamic range of operation can
then be calculated.
Dynamic Range (dB) = 20 log V/Vr
The initial voltage level is 120 mV and the required
voltage or reference voltage (Vr ) is 70 mV which yields a
dynamic range of only 5 dB.
It is unknown what exact losses will be encountered
in the real world, but, a 5 dB dynamic range is not very
robust. An easy solution to implement for increasing
dynamic range is to add a gain stage between the detector
and tone decoder to amplify the output of the
phototransistor. An amplifier with a voltage gain of 10
will provide another 20 dB of dynamic range which now
results in a 25 dB receiver dynamic range. This is
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theoretically possible because the photodiode will still
be operating in the linear range with the optical input
reduced by 20 dB.
The above statement must be verified over the entire
Mil-Spec temperature range because as temperature
increases, the dark current also increases. Assuming the
optical signal is reduced by the calculated 25 dB
receiver dynamic range, this effect would relate to a
signal level of
-25 dB = 20 log(Vmin/120)
or Vmin = 7 mV.
A 7 mV signal across the 1.5 kOhm load resistor
equates to a 5 uA photocurrent. From the performance
curves, the dark current at room temperature (25 C) and
VCE = 5 V is typically 0.3 nA; therefore, the device
operation is not limited by the dark current effects.
This dark current increases rapidly with temperature and
at 125 C, the dark current is typically on the order of 2
uA which is on the order of the minimum received signal
level, but, this dark current signal can be filtered out
by the pre-amplifier and the performance will not be
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affected. An important consideration is that this dark
current increases with transistor gain (hfe> and bias
(VCE>; therefore, this effect will have to be re-
evaluated if these parameters change.
Getting back to increasing the receiver dynamic
range, another option is to increase the drive current of
the IRED. Remember the calculations were done with the
IRED only operating at 30% of rated output, or 2.1 mW.
Boosting the drive current to the recommended 100 rnA will
gain another 5 dB in optical power and because of the
linear relationship between phototransistor optical input
and current output, the detector signal strength should
increase by 5 dB.
The 100 rnA IF is the recommended DC operating
characteristic at 25 degrees C. ambient temperature. The
ORFS system is a Mil-Spec system and is thus required to
operate from -55 to +125 degrees c .. The above option
thus needs to be evaluated with this in mind.
IRED power output (Po> increases with forward
current (If> which increases the power dissipation (Pd)
and chip junction temperature (Tj), resulting in
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decreased optical power output and device operating
lifetime.
The relationship of chip junction temperature to
operating conditions is
T' =J
From
where
Rth = package thermal resistance - junction to
ambient (C/W)
TA = Ambient temperature
For this case design, Rth = 370 C/W and for a TA of
125 degrees C, the maximum allowable Tj = 150 C.
the above equation, the maximum power dissipation allowed
with no heat sink is 68 mW. At a VF of 1.3 V this
corresponds to an allowable IF of only 52 mAo This
calculation is done for DC operation but the ORFS system
always operates in an AC mode with roughly a 50% duty
cycle. A peak IF of 100 mA with a 50% duty cycle results
in an average IF of 50 mA and is therefore within the
maximum operating limits just calculated.
As was mentioned, as the junction temperature
increases, the optical output power decrease. This
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effect is caused by the change in forward voltage drop
with temperature of approximately -2.0 mV/C. From the
performance curves of power output verses case
temperature, a change in case temperature from 25 C to
150 C would result in a 4 dB loss which would severely
affect the initial dynamic range of only 5 dB. To
compensate for this effect, a constant current source
could be used to drive the IRED or one or both of the
above mentioned techniques to increase dynamic range
could be pursued. The easiest technique, with regard to
added circuitry, is to add the gain stage in the
receiver; therefore, this was the technique implemented
in the design.
Another factor that affects the optical output of
IREDs, and thus the dynamic range, is the length of
operation or "aging" of the device. The radiant power
emitted by IREDs (and LEOs in general) declines with
increasing length of operation.
Increased device temperature or operating current
(and consequently temperatur~) accelerates the
degradation rate. The magnitude of the acceleration
factor is related to the device structure, and also
because the case heat sinking and packaging thermal
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resistance have a direct effect on the actual chip
operating temperature, these factors must also be
factored into the degradation rate.
Using the message specification of 8 words per
message and 10 bits per word at a 300 baud rate, this
corresponds to a total transmission time of 0.27
sec/message. During a typical 10 hour mission, it is
envisioned that at the minimum only two messages would be
required (1 inventory plus 1 programming) thus the
minimum time a IRED would transmit would be .54 seconds.
Even if the estimated time was increased to 1 second per
mission and considering the average airframe lifetime is
20,000 hours before retirement, this still only
corresponds to 2000 seconds, or less than one hour of
operation for the life of the airframe. Considering
degradation is not even noticeable until 100s of hours of
operation, (3 dB loss at 105 hours typically) this effect
is negligible.
As was mentioned, the ORFS system must operate over
the entire Mil-Spec temperature range; therefore, the
tone decoder operation must be analyzed over this
temperature range. The principle effects of temperature
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are the center frequency and the detection bandwidth
stability.
The center frequency stability is listed as 35 +/-
140 ppm/C. over the -55 to 125 C. temperature range.
This relationship has been tested by the manufacturer and
the worst case variation is listed as -1% change in fa at
125 C.. The resistor and capacitor that set the fa must
also be factored into this stability. Carbon film
resistors change value at +/- 100 ppm/C. This would
equate to approximately a 1% change in value.
Polystyrene capacitors have the highest stability with
temperature at about +/- 1% over the full Mil-Spec
temperature range. At worst case, the component
variation would then change the fa by 1%. The operating
bandwidth is 14% of fo (see section 3.3) and increases to
approximately 15% of fa 125 C.; therefore, temperature
will have little effect on the operation of the tone
decoder.
3.2 SYSTEM DESCRIPTION
The laboratory ORFS system worked well and was an
ideal configuration for laboratory testing and
evaluation. An aircraft system requires a different
design philosophy. The system should be as compact and
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simple as possible. The use of two separate PCs and
MODEM boxes was considered too involved in terms of
physical size and operator convenience for an aircraft
system; therefore, a new design was pursued.
An initial idea for the airborne system (Fig. 6)
would use the existing MODEM and required the development
of a simulator sonobuoy. This sonobuoy would contain an
R/T assembly and circuitry to re-transmit the received
message. It would also be battery powered. This idea
was not received well because of projected design and
operational shortfalls. The first and foremost
engineering problem is associated with the packaging of
the ORFS system in a sonobuoy tube plus operating from
battery power. A dilemma would arise that if errors
occurred in the messages during operational testing, then
there would be no way to verify the source of the
problem.
Another approach was developed which is shown in
Fig. 7. As before, a portable PC would generate and
receive messages. A MODEM box would ASK modulate and
demodulate the data stream and provide the drive for the
IRED and the bias for the phototransistor. A modified
SLC would contain an R/T, but instead of having circuitry
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in the sonobuoy, the R/T signals would be wired directly
to circuitry in the MODEM box.
Operationally, the system is quite similar to the
laboratory system. A portable PC was used to generate
and verify the messages but in a different format as will
be described.
The message generated by the PC is sent to the ORFS
interface box (Fig. 8) where it is received, modulated,
and driven similar as before. The modulator circuit was
modified in order to reduce the jitter in the demodulated
data stream caused by the transient generated by the
first cycle of the carrier. The local oscillator is not
synchronized with the clock in the PC that is used to
generate the data stream; therefore, the simple gating
technique used previously would cause the period of the
first cycle of the transmitted carrier to vary. A D type
Flip-Flop was added to synchronize the data stream with
the carrier. The results of this added circuit are
presented in the test results of section 3.3.
The modulated signal
in the SLT R/T (Fig. 9).
is then fed to the IRED mounted
The IRED used in this
configuration is a Honeywell SE 5470-1. This device was
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Fig. 9 - Airborne R/T Assembl~
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used because it is a hermetically sealed, high-
reliability IRED with similar characteristics (7 mW power
output @ 100 rnA forward current, 880 nm wavelength) to
the laboratory IRED except for a narrower (20 degree full
beamwidth at half maximum) beam angle. This narrower
beam angle concentrates more power on the detector, but
with a loss of misalignment tolerance. This tradeoff, as
will be shown, is not a problem.
As before the IR signal transmits through the R/T
window, the SLC window, then through the sonobuoy R/T
window where it is received by the phototransistor.
Again a high-reliability, hermetically sealed device was
used (Honeywell SD 3443-1). This device is
characteristically similar to the laboratory
phototransistor except with a slightly wider acceptance
angle of 45 degrees half-angle.
The received signal is then hard wire connected back
to the MODEM box where it is demodulated with a tone
decoder circuit. As a test, referring back to Fig. 8, an
emitter follower amplifier was added to provide a drive
stage (high input impedance, low output impedance)
between the common emitter amplifier and the limiter
diodes. This addition of this stage did not appreciably
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affect the operation of the demodulator; therefore, the
original laboratory demodulator circuit was used
throughout the experiment.
From the results of the laboratory ORFS testing, it
is highly recommended that the optical link operate in a
half-duplex mode, which means only one transmitter and
the matching receiver should be in use at one time. In
order to accomplish this, the received message cannot not
be immediately re-transmitted as it was being received,
but instead needs to be delayed by the message length.
To accomplish this, the message was shortened to one byte
in length and a universal asynchronous
receiver/transmitter (DART) was used as the delay
element.
The demodulated message is loaded into the receive
side of the DART in a serial fashion. When the complete
word is received by the DART, the word is then parallel
loaded into the transmit side of the DART and then
serially sent to a modulator. This technique in effect
produces a one word delay.
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The message is then routed through a similar
parallel path through the R/Ts back to the MODEM box for
demodulation and then to the portable pc.
The pc was programmed to send a one byte message and
wait for the return message. The program would then
compare the received to the transmitted message and tally
and display the transmitted byte count and the error byte
count. The program also included a time out counter to
restart if a word was not received in a fixed time and a
re-synchronization function to restart the program if
messages became out of synchronization due to
catastrophic message errors.
Instead of sending a fixed message, one byte at a
time, as defined by the SPD-22 specification, a different
approach was taken. The PC sends one byte at a time and
waits for a reply, starting with 00 HEX (all zeros) and
increments by one until FF HEX (all ones) then back to 00
HEX to repeat the cycle. This technique thus checks all
combinations of bits and is therefore a better test of
the optical link. As an afterthought, a random number
generator may have been a better engineering approach,
but as will be shown, would probably not have affected
the test results.
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3.3 SYSTEM TESTING
The ORFS system was checked out in the laboratory
prior to aircraft installation. From previous experience
with the laboratory ORFS system, certain simple tests
were performed to verify operation along with the normal
signal measurements. As before, to verify operation with
ambient light interference, the system must, and did,
operate with 0 BER in the same well lit laboratory.
The dynamic range of operation of the system was
measured and some interesting discoveries were made. The
aircraft system would not operate with the laboratory
frost simulator, 20 lb bond paper, between the optical
paths as before. Voltage measurements at the receive,
without any optical attenuation inserted showed that one
receiver produced an output of a 1.25 V P-P signal while
the other receiver only produced a 500 mV P-P signal.
The aircraft and sonobuoy MODEM circuits were swapped and
the signal levels remained associated with the R/T
assemblies, ruling out any circuit differences with the
MODEM circuits. A closer inspection of the IREDs showed
differences in construction between the two devices.
Hhen looking into the lens of the IRED that produced less
signal, the GaAIAs chip and leads could be plainly seen
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as one view. with the IRED that produced more signal,
the lens appeared to provide more magnification and only
a partial area of the chip could be seen in one view. A
side view showed a difference in the curvature of the
lenses and therefore the overall length of the devices
were different. The "high" power unit measured 0.245 in.
while the "low" power unit measured 0.232 in. The
catalog specifies a dimension of 0.224 in. to 0.247 in ..
These devices therefore are within manufacturers
specification and an even "lower" power device could be
encountered. It is assumed from these results that the
manufacturing tolerance of the lens affect the
transmitted beam width and thus the signal received by
the detector. An experiment was planned to measure the
power output and characterize the beamwidth of a sample
of IREDs, but instead, a manufactures test report
concerning this exact problem was acquired. The
manufacturers results, and a solution to this problem
are presented further on in this section.
Once the cause of the signal differences was
resolved, the IRED that produced the low signal was
replaced. The "frost" experiment was repeated and the
system operated successfully. signal measurements showed
the "new" IRED produced a 750 mV P-P signal at the
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receiver without optical attenuation and with the
"frost", the signal was reduced to approximately 20 mV P-
P.
Remembering from section 3.1, the predicted received
signal level should be on the order of 200 mV. This
discrepancy is related to this manufacturing process and
will be addressed further in this section.
Receiver sensitivity was then measured. The tone
decoder circuit required approximately 100 mV P-P signal
to assure reliable operation. This measurement is
consistent with the tone decoder specification of 25
mVrms (70 mV P-P) typical detectable signal level. This
translated to a measured signal level of approximately 15
mV P-P at the receiver front end. These numbers are
approximate because of the noise on the signals at these
low signal levels, it is hard to judge exact signal
levels on an oscilloscope. A spectrum analyzer would
have provided more exact measurements, but this
experiment is only a proof-of-concept study and not an
exacting test against a specification.
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Using this receiver sensitivity of 15 mV and the
maximum signal level received of 1.25 V, the dynamic
range of operation of this circuit is then calculated.
Dynamic Range 20 log (1.25/.015) 38 dB
The prediction from section 3.1 for dynamic range
was 25 dB. Remember the received signal level is on the
order of 20 dB higher than predicted which would relate
to a 45 dB dynamic range, but the guaranteed minimum
detectable signal (MDS) level of the tone decoder was not
reached by 7 dB which reduces the dynamic range back to
the measured 38 dB. Not reaching the MDS can be
attributed to power supply and circuit noise, which
through better layout and construction practices, this
noise could be reduced.
Of course by changing the IRED drive current and the
demodulator pre-amplifier, the actual dynamic range can
be varied. Qualitatively, if the system can operate with
20 lb bond paper between the optical components, the
system should function properly in an aircraft
environment.
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In order to relate this system design to the
irradiance and receiver sensitivity requirements of the
specification, signal measurements were taken and "ball-
park" calculations were done. The distance between the
transmitter and detector is approximately 1 3/4 in. (4.5
cm.) Assuming the transmitter beamwidth is 10 degree
half angle, which is highly suspect, again using simple
geometry the illuminated area then at the detector is 1.9
cm2 . The voltage across the load resistor was measured
and the IF calculated which resulted in the output power
level of 2.5 mW. The loss associated with the windows is
2.75 dB which reduces this level to 1.8 mW. Assuming
this power is concentrated and evenly distributed in this
area, then the irradiance at the detector with the
optical attenuation is 0.95 mw/cm2 . From the dynamic
range measurements, the power output could be reduced by
38 dB and still maintain operation. This then
corresponds to an irradiance of 0.15 uw/cm2 . This value
appears highly suspect but will be used in further
calculations.
The SPD-22 specification for receiver sensitivity is
given as 3.7 u\v. Using the results above, and given that
the active area of the phototransistor is specified as
.65 mm2 , the receiver sensitivity at minimum signal is
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therefore 1 nW, which again appear highly suspect because
it is such a low value.
In order to complete the calculations and knowing
the irradiance at the detector, the agreement between the
calculated received signal strength and the measured
received signal strength can be shown. The quantum
efficiency for this device is not given, but a graph of
irradiance vs. photocurrent is given. The lowest
irradiance value given is 0.05 mw/cm2 ; but remembering
the linear relationship between irradiance and
photocurrent the slope of the graph can easily be
calculated and the graph can be extended to the
calculated value and the photocurrent value can then be
solved. The calculated irradiance value of 0.15 uw/cm2
should yield a photocurrent of about 20 nA which through
the 1.5 kOhm load resistor translates to a signal level
of 30 uV. The measured signal level was 15 mV which
means the calculated value is 500 times too small.
As was discovered previously, the IRED beamwidth
appeared highly variable. After receiving some
applications notes from the manufacturer, this
discrepancy can be explained. The application note
states "since only the total power is known, the power
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for surfaces smaller than the total beam cannot be
determined. Also ... light flux density is not
predictable because of aberrations caused by the package
and lens variables. Each application almost has to be
designed empirically."
The application note also included output pattern
plots for various packages. For the device in question,
SE 5470, the two sigma limit for beam angle (full angle,
1/2 power) is given as a low of 4.7 degrees to a high of
20 degrees and the beam centering can be 0 degrees to 4
degrees from mechanical center. Using the minimum angle
of 4.7 degrees and the maximum of 20 degrees, the power
variation with respect to this angle could be shown.
with a 4.7 degree beamwidth at the 4.5 cm. distance, the
aperture area is 0.1 cm2 . Using the above total power of
1.8 mW, this relates to an irradiance of 18 mWjcm2 which
is a 13 dB difference from the initial calculation. of
course the initial assumption of a uniform optical power
in the aperture area is also a bad assumption; therefore,
from this information, it is impossible to accurately
calculate receiver sensitivity. Also because of such
wide variations, this narrow beamwidth device could also
cause erroneous receiver sensitivity measurements. This
device should not be used in final designs.
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The beamwidth for a device without a focusing lens
is listed as 90 degrees and is better behaved. The
beamwidth variation is measured at 88 degrees to 93
degrees. Some simple design calculations can be done to
evaluate the applicability of these wide angle
transmitters. The power output rating of these devices
is 7 to 14 mW. Taking the lower number at the 4.5 cm
distance and assuming only half of the power reaches the
detector plane, this equates to 0.05 mw/cm2 . At this
irradiance, a high sensitivity phototransistor detector
such as a Siemens BPX 43 or the Honeywell SO 3443 will
output about 50 uA of signal. Through a 1 kOhm resistor
this equates to a 50 mV signal. This equates roughly to
the minimum signal level required for 0 BER in the
present system.
By selecting the higher power device, 3 dB signal
gain can be achieved. By moving the transmitter and
receiver closer together to 1 inch (2.5 cm) another 5 dB
can be gained. This now relates to an irradiance of 0.35
mW/cm2 , (the specification calls for a minimum of 0.2
mw/cm2 ). At this level the phototransistor output would
be approximately 300 uA which translates to 300 mV at the
amplifier front end. By increasing the gain of the
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amplifier, similar performance results can then be
achieved. Of course these calculations are only rough
and should be backed up with experimental results, but
these results do at least show that those IRED devices
without focusing lenses could be used for future designs
and should provide more predictable results.
Tests were run with such a device using the FSK
MODEM and are reported in section 5.4.
Another test was done in order to characterize the
operation of the ASK demodulator. The Signetics data
book defined a delay of up to 10 cycles of the carrier
before the signal appeared at the output due to transient
effects. This effect is caused because the PLL has a
free running Vco not synchronized to the incoming carrier
and the loop takes time to lock to the carrier when first
applied. The minimum lock-on time occurs when the VCO
frequency happens to be close to the phase of the carrier
when it arrives. By the nature of the PLL, when the
signal is first applied, the phase may be such as to
initially drive the VCO away from the incoming frequency
rather than toward it. When this happens, which of
course is unpredictable, the lock-up transient is at its
worst and will take longer for the transient to die out.
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To measure this effect, a signal generator was
substituted for the PC as the data source and the output
of the tone decoder was monitored. The baud rate is
given as 300 bits per second. Considering that the
highest frequency data stream that could be generated is
an alternating string of "ones" and "zeros", the
frequency of this stream therefore corresponds to 150 Hz
square wave. The generator was then set to operate at
150 Hz square wave output and varied about this
frequency. As was expected, by dithering the square wave
frequency, the number of cycles of carrier until the
decoder detected the input signal varied in a beat
frequency type fashion. Typically the minimum number of
cycles measured was three cycles and the maximum number
measured was eight cycles which is within the
specification of 10 cycles.
There is also a fixed turn off delay that is not
dependent on the data stream frequency but is related to
the output filter capacitor. For this application a
delay of approximately 200 uS occurs.
Mechanical measurements were taken to evaluate the
extent of mechanical rotational limits between the SLT
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anti rotation latch and the SLC indentations for the P-3C
aircraft. A limited sample showed the SLC could rotate
+j- 1.3 degrees. The alignment error between the
sonobuoy and the SLC is unknown. This error is jUdged to
be minimal because of the mechanical assembly details
that rely on alignment pins to maintain alignment of the
sonobuoy in the SLC. Rotational testing was done on the
airborne RjTs which showed the system will work to +j-
11.5 degree misalignment with a BER.
The ORFS system was then ground tested in the
raircraft. The ORFS sonobuoy was loaded in the aircraft
SLT and the system was set up and operated. The bUoy was
positioned to contact all mechanical stops in order to
verify performance within all SLT to SLC normal
mechanical latching limits. The buoy was shaken as best
as can be done to evaluate any vibration problems. No
errors occurred in this half hour of operational ground
testing.
3.4 FLIGHT TEST RESULTS
The project flight was patterned after a typical
mission. The aircraft would transit to a search area,
simulate searching, localizing, tracking and attacking a
target.
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The aircraft transited to the operation area at a
high altitude (20,500 ft) for approximately 30 minutes
with the system operating to cold soak the system (-16
degrees C). The aircraft then stepped down in altitude
until 250 ft above ground level (AGL) was reached. At
this altitude moderate turbulence was encountered. After
approximately 30 minutes at this altitude, the aircraft
climbed to altitude (8,000 AGL) and returned to base.
The system also operated during the landing and the taxi
to the parking spot.
To summarize, the ORFS system was subjected to
temperature, altitude, and power level changes, plus
vibration and buffeting. The system operated
continuously for 3 hours and 20 minutes, from ground to
20,500 ft and from 8 degrees c. to -16 degrees C. During
the flight, 153,000 bytes were sent and received with a 0
BER.
The ORFS system flight in no way represents a
complete flight test program. The test only shows that
an optical link concept can operate in an aircraft
environment.
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3.5 SECTION SUMMARY
Even though the laboratory proof-of-concept ORFS
system worked perfectly, there are those people that need
proof that an aircraft system works in the actual
aircraft environment. This request led to further
development of the ORFS system. An analytical system
design was presented and tests results were presented to
verify, and point out the poor assumptions of the design.
After the lab and aircraft ground testing, a single
flight was flown patterned after a typical mission. The
success of the flight furthered the interest of the ORFS
system, though from an engineering standpoint, there are
still some design issues to resolve such as the optical
power levels and beam patterns.
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4.0 ADDITIONAL SYSTEM EVALUATION AND TESTING
The main objective of the previous work was to
determine the applicability of an optical link to the
sonobuoy remote function select task. As a separate
task, various optoelectronic devices (IREDs and
detectors) and optical components (filters and optical
window materials) and their juxtaposition were evaluated.
This testing was done to provide reference data for
expected future design issues.
4.1 EVALUATION OF OPTOELECTRONIC DEVICES
A major concern of the ORFS system in the present
configuration is the amount of real estate and weight
devoted to the R/T assemblies. Some ideas on how to
reduce this area were pursued. The first idea to reduce
size was to evaluate a component with an IRED and
phototransistor mounted in a miniature plastic package
(Siemens SFH-900). This component is a reflex light
barrier detector for short distances. It is typically
used as a position reporting device and end position
switch in industrial and home electronics environments.
This particular component is representative of a class of
devices made by various manufacturers.
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A pair of these components were evaluated on a ASK
breadboard circuit with poor results. This type of
device is primarily used in short distance applications«
5 rom) and therefore little attention is paid in the beam
forming design. The IRED is also a low power device and
because of the lack of beamforming, spreads the IR energy
over a large area (wide beamwidth) which results in
little energy reaching the opposite receiver. This
particular type of device is a poor candidate for the
ORFS system. A device with a higher power IRED and
beamforming could be a possibility.
The next configuration evaluated located the optical
components in an R/T as close as possible to each other.
The design and results of this experiment are reported in
section 5.3.
4.2 EVALUATION OF OPTICAL COMPONENTS
The laboratory testing also included the evaluation
of various window materials. The current optical window
was made of clear 1/16 inch acrylic (Plexiglass) and
approximately 10% attenuation to the IR beam was
measured. The measured values for acrylic and
polycarbonate samples were on the order of 10% which show
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good agreement with the calculated values from section
3.1.
Evaluation of SLC window films was also done. As a
base line, the SLC window film that covers the EFS push
buttons and display was tested. This film showed
approximately a 9% loss. Various other urethane films
from J.P. stevens & Co., Northampton, MA. were also
evaluated. The best (least attenuation) product is the
clear material currently used in the SLC. The worst was
an orange translucent film. The orange film was
evaluated as an ambient light filter. The IR attenuation
was measured at greater than 50% and little was gained as
an ambient light filter; therefore, this product was
deemed not acceptable. Clear translucent films of
various grades were also evaluated. The attenuation with
these films ranged between the clear film (9%) and the
orange translucent film (56%).
Although there have been no problems operating the
ORFS system in ambient light, it was still decided to
investigate the effects of daylight filters on the
operation of the system for future reference. The
filters were obtained from Schott optical, Duryea, PA ..
Since the ORFS operates at 880 nm, the three filters
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chosen attenuate throughout the visible region to 715 nm
(RG-715), 780 nm (RG-780) and 830 nm (RG-830). These
filters are all glass material of 1 rom in thickness.
These filters reduce the light intensity throughout most
of the visible region to less than 1%.
No appreciable performance improvements were
achieved when these filters were installed in the ORFS
system. The modulated signal was reduced by 8% with
these filters. The sunlight (DC) and room lighting (120
Hz) effects were not appreciably affected by the filters.
This can be explained because the signal at the
demodulator is AC coupled and these effects are outside
of this AC bandwidth. Also the phototransistor response
is reduced to about 60% at 700 nm (red) and to 10% at 400
nm (violet). In the laboratory measurements, only bright
sunlight directly illuminating the unfiltered
phototransistor caused receiver saturation. This
saturation could not arise while the sonobuoy is in the
SLT.
'~hen the sonobuoy is not in the shipping container
or SLT, in order to prevent any inadvertent activation or
current drain of the sonobuoy caused by visible ambient
illumination, a photodiode with a built in visible light
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cut-off filter could be used. These devices are resin
molded using a black epoxy resin. In a typical
phototransistor, Sharp PT380F, the spectral sensitivity
response peaks about 880 nm with 0% transmission below
700 nm (visible region). All other characteristics are
similar to previously used devices; therefore, there
should be no problem using such a device. This type of
package is not Mil-Spec approved and would not be usable
in the aircraft R/T, but a device of this type could be
used in the sonobuoy and would provide for a more robust
system performance for no additional cost.
4.3 SECTION SUMMARY
Because the ORFS is a new system and this technique
was never attempted in an aircraft environment before,
evaluation of various optical components was done to
characterize the effects. This evaluation included
different optoelectronic devices and optical window
materials and filters. Though only a limited sample of
devices were evaluated, this still provides the
beginnings of a data base that future designs can draw
from.
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5.0 IMPROVEMENTS TO THE ORFS SYSTEM
The previous tests have shown that an optical link
could be used to transfer data between the aircraft and
the sonobuoy. Even though the system would routinely
achieve 0 BER, the overall system design was considered
far from optimum. The knowledge learned from previous
tests plus new requirements on the system forced a re-
evaluation of the system design criteria.
5.1 MODULATION AND BAUD RATE ANALYSIS
Once it was made known in the Navy community that
data could be transferred from an aircraft to a sonobuoy
and back, various other sonobuoy programs looked at how
ORFS could be used in their application. One advanced
sonobuoy program projected using the ORFS system to load
computer algorithms into "smart" sonobuoys presently
under development. The major shortfall of the ORFS
system for this project is the relatively slow data rate.
The advanced sonobuoy project would need to transfer a
"large" amount of data in a timely manner. This request
led to the re-evaluation of the data link speed and
modulation type.
The operating speed of all components in the
previously developed ORFS system were evaluated. The
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result of this analysis is that the present system is
already at or very near the maximum operating limit. The
limiting component is the phototransistor used as the
detector. High sensitivity phototransistors in general
are only specified to operate up to approximately 80 kHz
with reduced output. The present system is operating at
19.2 kHz. Above this frequency, loss of signal response
was observed. The solution to this detector speed
limitation is to sUbstitute a photodiode detector.
Photodiodes generally are at least 10 times faster, but
have 100 to 1000 times lower photosensitivity (lOs of
microamps vs. milliamps output) than a phototransistor
for the same optical input. As a breadboard test, a
photodiode, Honeywell SD 3421, was substituted into the
circuit and an OP-AMP (TL-071) circuit with an inverting
gain of 100 was added as a pre-amp to the original
demodulator circuit. The system in this configuration
worked as well as the original design.
The next limiting component is the LM-567C PLL tone
decoder with a typical operating frequency of 500 kHz.
Assuming that ASK is the modulation scheme to be
used, then to boost the baud rate, the carrier frequency
must be increased by a corresponding amount. If the same
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number of cycles per bit (64) is maintained, then a 4800
baud data rate with a 307 kHz carrier would be the next
physical limit, assuming the same PLL tone decoder is
used. As an option, reducing the cycles per bit to 32,
which is still within the minimum PLL operating
specification of 10 cycles per bit, the system could
obtain 9600 baud with a 307 kHz carrier.
The problem with the above technique is that a low
frequency carrier is preferred to avoid circuit noise
problems in the sonobuoy. Also this higher carrier
frequency would require the use of higher performance OP-
AMPS (more expensive) to produce the same amount of gain
at this higher frequency. The distance between the
aircraft R/Ts and the MODEM is on the order of 50 feet:
therefore, it is preferred to use a phototransistor
detector which produces a higher current to avoid noise
pick-up problems on this long wire length. with these
problems in mind, a different modulation scheme was
pursued.
Previous optical communication programs at NADC have
used frequency shift keying (FSK) modulation to send
voice and data streams with very good results. The
modulator is easy to build using a voltage controlled
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oscillator (VCO) and the demodulator uses a PLL circuit
similar to the ASK demodulator; therefore, the circuitry
is simple and the parts count is maintained low. Also a
low carrier frequency to bit rate ratio can be achieved
which keeps the carrier frequency low yet still results
in a high baud rate.
5.2 FREQUENCY SHIFT KEYING (FSK) BREADBOARD MODEM
In order to evaluate the recommendations of section
5.1, a circuit was designed to demonstrate that an FSK
modulation scheme would work. Also a working FSK system
was a good lever to use to force the Navy to re-evaluate
the current specification.
Since there were no fixed requirements for the
higher baud rate from other projects, it was simply
decided to try to design for the maximum baud rate
achievable with the currently available hardware. The
assumption was that if operation at this high baud rate
could be achieved then a slower rate would also be
achievable, if not easier to implement. The highest baud
rate the portable PC would operate at is 19,200 baud
therefore this was the design goal. simply picking four
and five times the baud rate as the two tones, 76.8 kHz
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and 96.0 kHz respectively, a circuit was breadboarded
(Fig. 10) and evaluated.
The FSK modulator used a voltage controlled
oscillator (VCO) integrated circuit, 74124, set up to
generate the two FSK tones. The data stream was received
with an RS-232 receiver IC and the output was used to
drive a transistor switch. This switch was used to drive
the frequency control (FC) input of the VCO to switch the
output between the two tones. The output of the VCO
drives a transistor that switches the IRED on and off at
the tone frequency.
The demodulator circuit is somewhat similar to the
ASK demodulator circuit in that a PLL circuit is used to
detect, in this case, two different tones and demodulate
the data stream. Because the carrier frequencies are now
higher than phototransistors normally operate, a
photodiode was used as the detector. The signal was
amplified with a simple inverting OP-AMP circuit with a
gain of 10 and capacitively coupled into a PLL IC, LM-
565. The PLL VCO free running frequency (fO) is set to
operate at the midpoint between ~he two tones (86.4 kHz).
The outputs of the PLL are a reference voltage signal
(Pin 6), and an error signal whose amplitude is
77
?'SISS
10
/'"
5E3"+70
l)mn
MPS LOI
su
""0
DEMODULATOR
MODULATOR
'- ..JIL.:-::-·:::-:.-.-l..'..::-::;-~-:.,v.. 'Iv • ~ I
,ov ::t: 'ov ::t: ,~::t: iJ:/,2 21 I> 17 "S-232 OUT
~ "RS-2JZ IN 5 J-" J --_ ...."" 12N39O-'IlK
7,·7
5K
rl ::
,j)
C;
\D \2\)
-.J I' t SD5'i21-200 ~
0
to
LK
ll.J 'IlK
C
0.
,.,
(j)
A
:3
0
t:::l
r'1
:3
f'WJAl A.IR JO.n.CAIO"IT COfT£R
....
OPllC.... A£>IOTE rutCTlOII SEUCT
192 .-n !"SIC I'IODO<
~,,~ ClRCUtT
GElAlICA. 03/OB/91 islz .. ..........
lLHIlWG'"GJO..Dw6 .
proportional to the frequency difference between the
input signal frequency and fo (Pin 7) and is centered
about the reference signal. Therefore; all that is
required to then demodulate the data stream is to compare
the amplitude of these two signals using a voltage
comparator circuit. Any signal above fo is decoded as a
"one" and any signal below fo is decoded as a "zero".
The capacitors and resistors between the PLL and voltage
comparator is a low pass ladder filter used to remove
carrier signal noise still impressed on the output
signal. The final demodulator stage is simply an RS-232
driver IC required to send the data stream back to the
pc.
Because this FSK MODEM circuit, including optical
components, was constructed on a breadboard, only simple
tests were done to evaluate the concept. As before, BER
testing was done, and the system always achieved 0 BER.
Even though a less sensitive photodiode was used as a
detector, during the "frost" test, the 20 lb bond paper
could be inserted between the optical components and the
system would still achieve 0 BER. This result could be
attributed to the higher IRED drive current plus the lack
of any optical windows and the relative closeness (1/2
inch) of the IRED and photodiode. The major improvement
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though over the ASK system was the reduction of signal
jitter to about 5 uS during data transitions. Once the
PLL locks on to the carrier it stays locked on and
smoothly tracks the modulated carrier. A turn on
transient still occurs when the demodulator first locks
on to the carrier, but operationally this problem can be
solved by adding a "carrier detect" phase in which the
modulator, and of course the demodulator, is turned on in
the data idle state a few (10 minimum) cycles prior to
transmission of the first word.
5.3 THE NEW FSK SPECIFICATION AND ANALYTIC DESIGN
After some discussion with other programs and the
NAVAL AVIONICS CENTER, a new specification was decided
upon. Because of another requirement, 1200 baud was
picked as the data rate. The two FSK tones were chosen
as 19,200 Hz for a logic "1" and 28,800 Hz for a logic
"0". These tones were chosen for two reasons. First by
keeping the carrier frequency low, high sensitivity
phototransistors could be used as the detectors.
Secondly, the tones were chosen to provide enough
frequency separation to allow a higher baud rate. The
system baud rate could be increased and even multiple
baud rates could be run depending on future requirements.
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These tones would easily allow a data rate of 9600 baud,
or possibly higher.
The optical components and design are the same as
were used in the airborne ASK system; therefore, the
analysis will not be repeated. The VCO IC used in the
modulator was chosen simply because it was in the
inventory and thus may not necessarily be the ideal
component for the task. An analysis of the modulato~
will not be done. The PLL IC characteristics will be
analyzed to determine the effects of this component on
the demodulator operation.
The first notable difference between the tone
decoder and the FSK PLL demodulator is in the minimum
detectable signal. The typical detectable signal level
for the LM-565 PLL is listed as 1 mVrms and the
guaranteed maximum is 10 mVrms. Using the typical values
for minimum detectable signal of both decoders, the PLL
should have a 26 dB advantage (20 log 20/1) over the tone
decoder. Guaranteed specification values still show an 8
dB advantage to the FSK PLL system. This advantage alone
shows the benefit of switching to the FSK system.
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Next the temperature effects of the device must be
evaluated, which include the changes in fa and output
signal levels, but first the design equations must be
solved to determine the free running frequency, the
capture range and the lock range.
The free running frequency of the VCO is set by the
equation
fa = 1.2 / (4 R1 C1)
and should be set approximately half way between the two
FSK tones or in this case 24 kHz. (In actuality, the fa
is set slightly offset from this frequency to avoid
output chatter with no input signal.) The change in fa
as a function of temperature is on the order of 200
ppm/C. and when tested and graphed over the full
temperature range this is given as +1% at -55 C. and -1%
at +125 C.. This change must be considered when the
capture range is calculated.
The next important parameter of the PLL is the
capture range, but this is dependent on the lock range
which is given as
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where Vcc is the total supply voltage or in this case 10
V (+/- 5V); therefore, the fl = +/- 19,200 Hz.
The capture range is given as
f c = +/- (1/(2 Pi» x (2 pi fl/Tau)l/2
where
for the C2 = 0.01 uF (nearest value available at the
time), the capture range is approximately +/- 9,200 Hz
from fOe This value capacitor worked well in the
laboratory, but from this result, and considering the
effects of temperature on fo as calculated above, the
capture range should be increased by reducing the value
of C2' Using a 0.0068 uF capacitor would increase the
bandwidth to +/- 11 kHz which would compensate for the
temperature drift.
The only other temperature effects that must be
considered is the temperature drift between the output
(V7) and the reference voltage (V6). This drift, if
excessive compared to the output voltage swing caused by
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the frequency deviation, can cause errors in demodulating
the data stream. The V6 - V7 drift is listed as
typically 50 uV/C. which relates to approximately a 5 mV
change over the temperature range. Considering a
frequency deviation of +/-10% (the ORFS system is +/- 20%
deviation) is guaranteed to cause s a voltage swing of
300 mV P-P, this temperature drift is not a problem.
Now that the design equations have been solved which
show the FSK system should work over the full temperature
range and sensitivity should be better than the ASK
system, a breadboard circuit was built to evaluate these
findings.
In order to evaluate this design against the
proposed specification, the previous FSK breadboard MODEM
was modified to operate according to these new
requirements. This new FSK MODEM (Fig. 11) is
functionally equivalent to the previous design with only
some minor changes. Another variable resistor was added
to the VCO modulator in order to set the two frequencies
easier. Also, as in the ASK modulator, an open collector
driver (7406) was used as the IRED driver instead of a
transistor.
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Because the MODEM now operates at a lower frequency,
a phototransistor was used as the receiver detector.
Again an inverting OP-AMP circuit with a gain of 10 was
used to amplify the signal and a PLL circuit was used to
demodulate the signal. The PLL fO was again set at half
way between the two tones, or 24 kHz. In order to make
the circuit operate not only at 1200 baud but also at
higher rates, possibly up to 19,200 baud, the output
filter bandwidth was designed to accommodate the higher
baud rate. The design rule for this filter is that the
break frequency should be half way between the highest
baud rate frequency (19,200 baud, 9600 Hz) and twice the
carrier frequency (2 x 24 kHz) which turns out to be 28
kHz. Also because the 19,200 baud rate is close to the
tone frequencies, two additional low-pass filter stages
were added to filter the carrier noise still impressed on
the output.
5.4 FSK MODEM TESTING AND EVALUATION
Rigorous testing and signal measurements were done
to evaluate not only the circuit design but also the
concept. The circuit was constructed on a breadboard
which allowed easy changes to the circuit but the
disadvantage of a breadboard is that it is also the worst
place to build and test an analog circuit. The problems
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associated with breadboards include stray capacitance at
connections, RF emissions and pick-up on long component
lead lengths, plus a lack of a continuous ground plane
which usually cause noise problems. These faults usually
lead to less than optimum results.
The majority of tests were done to characterize
signal levels and receiver sensitivity along with bit
error rate testing at various baud rates.
During initial receiver sensitivity tests, one of
the first signal discrepancies encountered was a
difference in amplitude of the two received tones. At
the input to the amplifier the signal level of the 19,200
Hz tone was 1.6 V P-P while the signal level of the
28,800 Hz tone was 1.2 V P-P. This difference is
attributed to the response time of the phototransistor.
The light current rise time (tr ) and fall time (tf) are
listed as typically 6 uS (80 kHz). The test conditions
of this specification are a load resistor (RL) of 1 kOhm,
and a Vcc of 5 V, which the FSK demodulator circuit
matches. The timing specifications are referenced at the
standard 10% to 90% of output voltage. These switching
times appear different than encountered because of the
measured signal differences; therefore, phototransistor
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response time was investigated and is reported in section
5.5.
As a test, a trans impedance amplifier was
constructed and sUbstituted into the FSK demodulator at
point A, Fig. 11, to evaluate its use as the
phototransistor amplifier. A trans impedance amplifier is
sometimes referred to as a current to voltage converter
and is commonly used to amplify signals from current
output devices such as photodiodes and phototransistors.
The gain of the amplifier is set by the value of the
feedback resistor. Without going into the detailed
circuit analysis, the equation for the amplifier is,
or the gain is
R -Vo/li ohms
which is referred to as a trans impedance gain.
The same receiver sensitivity as before could not be
attained with this amplifier. To obtain the maximum
phototransistor response time, the load resistor
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(feedback resistor) is recommended to be 1 kOhm (see
section 5.5 for test results). with the frost
attenuator, this amounted to 40 mV P-P of signal of the
19,200 Hz tone and only 28 mV P-P of the 28,800 Hz tone
output by the amplifier into the PLL. These levels are
consistent with the measurements taken at the input to
the original amplifier. In order to achieve the gain of
10 of the original amplifier, the trans impedance gain was
changed to -10 kOhm. This configuration still would not
work even though the signal levels were 500 mV P-P for
the 19,200 Hz tone and 300 mV P-P for the 28,800 Hz tone.
The problem appeared to be with the quality of the
signals. The response time of the phototransistor was
severely affected because not only did the output not
increase by 10 from the previous configuration, but the
output signal was an exponentially shaped triangle wave.
The output signal also included -3 V spikes at the
switching points which was traced to poor power
distribution and could not be fixed on the breadboard.
Because of this poor signal quality, the PLL could not
lock to the tones and demodulate the data stream. The
conclusion therefore is that through proper board layout
and construction, the trans impedance amplifier could
probably be made to operate, but in itself could not
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supply enough gain to achieve the same dynamic range as
the simple inverting amplifier.
converting back to the original amplifier, dynamic
range and receiver sensitivity measurements were taken at
the 1200 baud data rate. Initially the signal levels at
the input to the amplifier were 1.6 V P-P of the 19,200
Hz tone and 1.2 V P-P of the 28,800 Hz tone. The frost
simulator was used to quantify typical expected signal
loss. with the frost the 19,200 Hz signal measured 37 mV
P-P and the 28,800 Hz signal measured 28 mV P-P at the
input to the amplifier, which corresponds to a 32 dB
loss. At these levels the system still maintained 0 BER.
The same BER testing was done at 2400, 4800, 9600,
and 19,200 baud. At the 2400 and 4800 baud rates, no
errors were encountered. At 9600 baud some random errors
would start to appear and the system would not work at
19,200 baud. The system was then run at 1200 baud and
signal measurements were made to track down the cause of
the errors. It was suspected that these errors were
caused by noise on the outputs of the PLL. The signal
output of the PLL would change approximately 450 rnV
corresponding to the data changes but would have 250 rnV
P-P of carrier noise on the signal. After the filter
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bank, the signal excursion was still about the same and
the noise was reduced to 50 mV P-P. The reference signal
was stable at 3.7 V but also had 35 mV P-P of noise. The
combination of these noise signals would cause the
comparator output to chatter and jitter for approximately
10 uS. At 1200 baud this chatter was not a problem
because of the relatively long period of a bit time (800
uS) .
Knowing this, the system was run at 19,200 baud and
the signal measurements were repeated. The outputs of
the PLL were approximately the same. After the filters
the signal excursion was reduced to 230 mV with 35 mV P-P
of noise. The comparator output chatter on average was
15 uS with random spikes out to 25 uS. Because the bit
period is now much shorter (50 uS), this causes errors in
the UART.
The solutions to this problem would be to filter the
noise better or add hysteresis to the comparator circuit.
From the above signal measurements, the output filter
should not be changed because signal loss is already
encountered at the higher baud rate. The noise on the
reference signal was highly suspect as the cause of the
errors. The addition of the 0.1 uF capacitor reduced
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this noise level to 6 mV P-P and the output jitter was
reduced to less than 5 uS with little chatter. In this
configuration, 0 BER was achieved at 9600 and 19,200 baud
without and also with the frost simulator. The fact that
such a simple fix solved the problem, a hysteresis
circuit was not pursued. Also, this noise problem may
not be encountered when good layout and construction
practices are adhered to in the final board fabrication.
After this problem was solved, BER testing was done
and receiver sensitivity measurements ware taken.
Minimum signal to maintain 0 BER at 1200 baud was
measured at 20 mV P-P of the 19,200 Hz tone and 15 mV P-P
of 28,800 Hz tone. This corresponds to 38 dB dynamic
range.
As was reported in section 3.3, the beam patterns of
narrow beamwidth IREDs are highly irregular. As can be
imagined, with each aircraft using 51 R/Ts (48 external
loaded launch tubes plus 3 internal loaded launch tubes)
and some 200 or more aircraft in the fleet, these
irregularities and inconsistencies can cause problems
when the ORFS system is installed in fleet aircraft. To
investigate if a wide angle beamwidth IRED could be used
and still provide similar dynamic range, a 90 degree full
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angle IRED (Honeywell SE 3470) was sUbstituted into an
R/T assembly. The drive current was measured at 32 rnA
which corresponds to a total optical power output of 2.2
mW. with no added optical attenuation other than the
optical windows, and a 100 Ohm load resistor, the
received signal measured 44 mV P-P. This is a 20 dB loss
compared to the testing with the narrow transmitter
(Section 5.5) in the same configuration. The frost
simulator dropped the signal level by 24 dB to 2.8 mV P-P
and no errors were encountered at 1200 baud. A signal
level of 1.5 mV P-P was required to maintain 0 BER which
results in a dynamic range of only 29 dB.
In order to gain dynamic range, the gain of the
amplifier was doubled to a gain of 20 and signal
measurements were repeated. As was expected, signal
levels out of the amplifier doubled, and in this case
minimum signal level was about the same (1.4 mV P-P)
which results an a 35 dB dynamic range.
A similar result should be achievable by doubling
the drive current of the IRED. The IRED is only
operating at 32% of recommended output; therefore, 5 dB
could be gained just by operating the IRED at the
recommended 100 rnA drive current.
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The allowable angle of misalignment was measured
with the frost simulator inserted and it turned out to be
+j- 10 degrees. As will be shown in section 5.7, the
worst angular misalignment to be encountered was measured
at +j- 8 degrees. The conclusion; therefore, is that a
wide angle transmitter can operate to 35 dB dynamic range
and meet the rotational alignment requirements.
The system was also operated at 19,200 baud data
rate. At this rate, the minimum signals out of the
amplifier to maintain 0 BER were slightly higher at 32 mV
p-p of the 19,200 Hz tone and 28 mV P-P of the 28,800 Hz
tone. This still corresponds to a dynamic range of 28
dB.
An interesting observation from the "frost"
attenuator is that the actual attenuation varies
depending on the optical beamwidths. with the narrow
IRED, the attenuation was measured at 36 dB, but only 24
dB loss was measured when the wide beamwidth IRED was
used. The obvious explanation for this discrepancy is
that the bond paper not only acts as an optical
attenuator, but also as an optical diffuser. The paper
spreads the optical energy and is dependant on beam
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shape. Therefore; optical attenuators such as frost and
moisture accumulation on the windows will be hard to
characterize but may not be as much a problem as
originally expected.
The conclusion of this system testing is that the
FSK modulation scheme appears to be a viable technique
for the ORFS system. The system could easily achieve 0
BER at 1200 through 19,200 baud data rate. The system
also operated with better than 28 dB dynamic range. Of
course, these dynamic range numbers mean little until
they can be related to actual data that is collected on
the expected signal loss that is encountered during
typical aircraft operations.
5.5 RESPONSE TIME ANALYSIS AND TESTS
The response times of phototransistors needed to be
verified because of the received signal level differences
encountered during the previous tests. The manufacturers
test circuit was duplicated, which consists of an IRED
source and the phototransistor with a 1 kOhm load
resistor and a 5 V bias. The distance between the IRED
and phototransistor was varied to assess the intensity
affects on the response time.
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The initial test placed the two device in contact
with one another to saturate the phototransistor. In
this configuration the rise time of the device was
measured at 7 uS which is consistent with the
specification. The fall time on the other hand was 80 uS
plus another 50 uS from full scale to the 90% value,
which is 10 times worse than the specification value.
Obviously the load resistor is too high in value to bleed
off the accumulated charge of the phototransistor
capacitance.
The next step was to separate the devices and
determine response times for a typical signal level. The
t r and tf times were then measured at 75 uS. This
translates to only a 6 kHz frequency, which supports the
signal difference measurements.
Now that the response times were measured and
verified as a limiting factor, a technique must be
implemented to increase the response times.
First, the equation for rise and fall times must be
presented to determine the controlling factors.
tr,f
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where
ft = Optical input transition frequency
R Load resistance
C = Collector-base junction capacitance
G Transistor Gain (hfe)
a = A constant with value between 4 and 5
From the above equation, the optical input
transition frequency which is defined as
ft 1/(2 t r )
where
t r = Transmitter response time (0.6 uS typically)
is not the limiting factor (700 kHz); therefore, the
variables that can be manipulated are G, C, and R.
The gains of the phototransistors are listed from
approximately 100 to 900 and the devices are marked with
a dash number to indicate the approximate gain of the
device. The phototransistor used has the least gain of
the device type and therefore has the fastest t r and tf.
Also remember from section 3.1, that as hfe increases, so
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does the dark current which should be minimized to reduce
the noise level at high temperature and minimum signal
input.
Obviously the junction capacitance affects the rise
and fall times. A typical value of 39 pF at a v is
listed for the device. The junction capacitance though
is dependant on the bias voltage. For an abrupt junction
phototransistor, the Cj is proportional to V- 1/ 2 , and for
this type of device, which is a graded junction device
(planar process), the capacitance is proportional to
-1/3V . Therefore by increasing the bias voltage, the
junction capacitance will decrease and the rise and fall
times will increase. This technique is not very
profitable because by doubling of the bias voltage, the
capacitance only decreases by a factor of 0.8. Also, in
the aircraft system this would not be a problem, but the
sonobuoy is a battery powered device operating at minimum
voltage (5 volts). Increasing the voltage to reduce
capacitance is not an option.
The only other variable in the above equation that
can be changed is the load resistor value. The rise and
fall times are directly proportional to the load
resistor; therefore, by lowering the load resistor value,
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the speed will increase. By reducing the load resistor
to 100 ohms, t r and tf should be on the order of 1 uS.
The circuit was modified to use a lower value load
resistor to reduce the RC time constant. Simply picking
a 100 Ohm load resistor, the test were repeated. At
saturation, t r was 3 uS and tf was 11 uS with no delay.
At the typical signal level, t r was 11 uS and tf was 13
uS. These results are still higher than expected, which
can be attributed to stray capacitance from the
breadboard connections, but these results still show that
the system should be able to operate to 40 kHz with
little or no signal loss.
Using the above results, the breadboard modem was
modified to use the 100 Ohm load resistor. Before this
was done, receiver signal measurements were taken for
reference. The levels were 1.68 V P-P at 19,200 Hz and
1.14 V P-P at 28,800 Hz. with the modification, the
levels were approximately 460 mV P-P at 19,200 and 450 mV
P-P at 28,800 Hz. There was still a slight difference
between signals, which a good part can attributed to
signal measurement errors because of high noise levels.
The interesting result is that instead of an expected
signal change of 20 dB (factor of 10 change in voltage)
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the signal only dropped by 11 db at 19,200 Hz and 8 dB at
28,800 Hz. Obviously the response time of the
phototransistor had improved.
The next step was to measure the dynamic range in
this configuration. The obvious prediction from the
above results is that receiver dynamic range should be
decreased by 8 dB. This would not be a significant
problem and could be made up by a higher gain in the
amplifier. The result turned out to be just the
opposite. The system was able to operate down to a 2 mV
P-P received signal level, which after the gain of 10
amplifier is a 20 mV P-P signal into the PLL. This
corresponds to a 47 dB dynamic range. The PLL therefore
responds better to this signal shape which is now more
representative of a square wave than the exponential
shaped triangle wave as before. In this case, the PLL is
operating within the specification value of 1 mVrms (2.82
mV P-P) typical minimum lock-on signal level and 10 mVrms
(28.2 mV P-P) guaranteed maximum level for the minimum
lock-on signal level.
Of course, this is only one other configuration.
\~hen the full system is designed, taking into account all
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the cable lengths and wire impedance, more work will have
to be done along this line.
5.6 MINIATURIZATION OF RECEIVER/TRANSMITTER
As was reported in section 4.1, the size and weight
of the R/T assemblies are of major concern, and an IRED
and phototransistor combination device was not suitable
for this application. A realizable configuration would
be to mount the same type of IRED and phototransistor
used previously near to each. In order to do this test,
the R/T assemblies were modified. As can be seen in Fig.
12, the IRED (Honeywell SE 5470) and phototransistor
(Honeywell SO 3443) were mounted in one holder 5/16 inch
apart, center to center, from each other. The IRED and
phototransistor now use the same Plexiglass window which
reduces the parts count and saves real estate, but
creates another problem. The energy from the IRED not
only transmits through the window, but also a percentage
is reflected at each surface of the window and by each
window. As was calculated and measured in section 4.2,
this reflection is approximately 8% to 10% total per
window. Using the same airborne ASK MODEM with this
configuration resulted in poor performance. The system
would not work at all because of this self jamming.
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The solution to this self-jamming problem is to
blank the adjacent receiver during IRED transmissions.
The ASK MODEM circuit could not be easily modified to
include this feature; therefore, a different approach was
used to evaluate this configuration. The wiring was
changed to configure the link as a one way link as
apposed to the standard bi-directional link. The ORFS
system was laboratory tested in this configuration and
performance was comparable to the original airborne
system.
The result of this experiment is that as long as the
adjacent receiver is turned off when the IRED is
transmitting and attention is payed to optical beamwidths
and clear aperture, there should be no problem shrinking
the size of the RIT so that both components operate
through the same window.
As a prototype example, a non operational miniature
RIT (Fig. 13) was fabricated to demonstrate size and
weight savings. This miniature unit is about one quarter
the size and weight of the original R/T. Some additional
design work still needs to be done on this unit, but this
idea was well received and the final product design may
well be patterned after this unit.
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Another option is to use a IRED and phototransistor
in the same package, similar to some laser diode
configurations. The design must meet the ORFS
requirements. This configuration may already be off-the-
shelf and as yet not discovered or the Navy could fund
this type of development.
5.7 AIRCRAFT ANGULAR ALIGNMENT MEASUREMENTS
As was reported in section 2.2, there was no
specification given for the allowable angular
misalignment between the sonobuoy RjT and the SLT RjT. A
survey of launch tUbes of all U.S. Navy ASW aircraft
types was done to investigate this requirement. The
largest angular rotation encountered was caused by the
use of a small anti-rotation latch of one aircraft type
(SH-60B) that would allow the SLC to rotate +j- 8
degrees. The result of this finding showed that the
previous designs operated well within this limit and
confirmed the optical designs are acceptable and tests
were valid. The designs therefore would not have to be
re-evaluated. Also, any new optical designs would
conform and be tested to this specification.
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5.8 SECTION SUMMARY
Even though the initial ASK system worked well,
there was no capability for future expansion to a higher
bit rate. The ASK technique was evaluated and was
determined not to be the optimal technique for a higher
baud rate. By initially building a breadboard 19.2 kbaud
FSK data link, the Navy decided to re-evaluate the
specification. A breadboard circuit according to the new
FSK specification was constructed to evaluate the
specification and was also used to evaluate various
components and techniques. Additional testing was done
to evaluate optoelectronic devices to improve the
response times and thus the dynamic range. A separate
task to evaluate a smaller R/T assembly was also done.
Most importantly, measurements of aircraft launch tubes
were done, so now there is a design specification set for
rotational operational limits.
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6.0 A PRELIMINARY DESIGN FOR THE FULL ORFS SYSTEM
All previous design work for the ORFS system has
been geared towards evaluating the concept. Along this
line, the system consisted of only breadboard MODEM
designs and a single sonobuoy optical link. In order to
fully evaluate the entire concept, a complete system
design must be developed. This full design is required
to uncover any unforeseen technical problems.
A general Navy request is to produce a new system as
economical as possible. This requirement can be reached
by following two general guidelines. The first guideline
is to use off-the-shelf hardware and sub-systems as much
as possible. The Navy refers to these as Non
Developmental Items (NDI). This design guide saves high
non-recurring engineering (NRE) costs associated with
designing and testing new Mil-Spec systems. A second way
to save engineering costs is to design a system that can
be used in as many platforms as possible saving NRE costs
required to develop unique systems.
6.1 SYSTEM OVERVIEW
A preliminary, high level design of an ORFS system
was done and is shown in Fig. 14. The system consists of
a computer chassis which houses a single board CPU and
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the custom MODEM card, an operator control unit which can
be either a separate control display unit (CDU) or the
mission computer systems, and one R/T per launch tube.
The projected computer system would be built
according to the Versatile Module European (VME)
specifications. This computer architecture is becoming
more prevalent in military systems; therefore Mil-Spec
certified chassis, computer boards and input/output (I/O)
boards are readily available.
The chassis has the room for five cards, but for
this case, only room for two cards would be required and
the rest of the slots would be available for future
expansion. The two cards required for the system are a
single board computer (SBC) and the custom MODEM card.
various SBC cards are available depending on the
requirements. Typically the processor for VMEbus systems
is based on the Motorola MC680XO series of
microprocessors. For this application, an NDI baseline
SBC is all that is required. This SBC would use the
MC68020 which is a full 32-bit microprocessor. The
baseline memory of 512 kB (kilobytes) of static RAM
(Random Access Memory) and 256 kB of EPROM (Electrically
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Programmed Read Only Memory) should be plenty of memory
for this project considering only simple I/O is required
of the computer program and enough RAM memory for the
-/ load table is required (approximately 500 bytes).
The SBCs are configured with at least two serial
communications ports. One of these ports could be
configured as a test/preload port. Through the use of a
portable PC, an operator could run test programs to
exercise the system to troubleshoot faults.
This port could also be used to automate the
initialization of the sonobuoys. A portable PC would
load a pre-generated initialization table such that when
this function is selected on the ORFS control unit, the
sonobuoys will be loaded according to this certain
initial configuration. Thus, various initialization
tables could be generated at the squadron level on the
PC, taking into account local conditions and the mission
requirements.
In order for the operator to control the ORFS
system, an I/O device is required. For a stand alone
system where the ORFS is not integrated with the aircraft
systems, a separate COU could be used. This COU would
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provide the capability to display sonobuoy status and
provide the mechanism for the operator to program the
sonobuoys as required.
As an option, the ORFS system could be integrated
with the mission computer system and avionics. Depending
on aircraft type and version, various communications bus
structures are used. For the P-3C Update III, the
communications bus is the Naval Tactical Data System
(NTDS) which is a 32 bit parallel data bus that can
operate up to 250,000 words per second. Newer aircraft
use the Mil Std 1553 A/B serial data bus. In any case,
SBCs are available configured with these various I/O
options.
An issue that still needs to be addressed is the
communications protocol between the operator control unit
and the ORFS system. This I/O is not complicated because
of the relatively low number of launch tubes and the
limited types of sonobuoys. The proposed message format
could just be an expansion of the ORFS sonobuoy
programming messages to include a launch tube
identification prefix.
111
6.2 THE R/T MATRIX
The major system design that faces the
implementation of the ORFS system on an aircraft is how
to efficiently connect the R/Ts from all the launch tubes
back to the computer chassis. The current systems only
used one R/T which required four wires. For the P-3C
aircraft, this would translate to 204 wires (51 launch
tubes x 4 wires per tube). The wiring complexity and
weight alone would prevent the ORFS from ever being
accepted into the fleet.
Various techniques were thought of and evaluated to
solve this problem. Serial data channels with individual
SLT addresses similar to the Mil-Std 1553 data bus were
initially considered. The interconnect wiring would be
reduced but at the expense of increasing the complexity
of the R/T assembly.
A serial bus structure and one discrete select line
per each R/T was the next logical step. The R/T would be
simple and the wiring would be reduced to 51 select lines
plus the serial data channel wiring. Redundancy
requirements would require multiple data busses to avoid
the possibility of one failure in an R/T or wiring
causing the whole system to fail. This technique is
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still not optimum, but from an ease of wiring standpoint,
may be a viable configuration.
The proposed communication structure would be a
matrix format (Fig. 15). The matrix would consist of a
column select bus, a receive row bus, and transmit row
bus. By selecting a column and selecting the row for the
transmit and receive signals, only one RIT would be
selected. The actual circuitry to accomplish this and a
more in-depth explanation of operation is presented in
the next section.
The RIT would simply contain the phototransistor and
IRED and no other associated circuitry. The collector of
the phototransistor and anode of the IRED are internally
connected and wired to a connector pin which would be
referred to as the column select pin. The emitter of the
phototransistor would be wired to another pin which would
be the received signal and the cathode of the IRED to
another pin which would be defined as the transmit
signal.
This configuration keeps the wiring down to a
minimum (22 wires) and minimizes the cost and complexity
of the R/T. A very good feature of this technique is
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that the failure of one RIT does not affect any other
R/T. Simply stated, when semiconductor devices fail,
they either short circuit or open circuit. If a
particular device fails, no other devices in the column
are effected because the row signal lines of the failed
device are open circuit at the MODEM; therefore, a short
or open at the failed device does not affect the rest of
the column. Also, a failed device does not affect the
other devices in the row because the column select line
of the failed device would be open circuit at the MODEM.
Of course a single broken wire could cause the loss of a
whole row or column, but normally, wires are not prone to
breakage.
As a breadboard test, a 4 x 4 matrix of R/T
components was constructed complete with column drive
transistors, a transmit signal demultiplexer and a
receive signal mUltiplexer. There were no apparent
problems encountered with this set-up. Of course in the
aircraft system, more attention must be paid to wiring
details to prevent electromagnetic interference (EMI)
which include interference received on the signal lines
as well as interference generated by the system.
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6.3 THE ORFS MODEM CARD
The MODEM card (Fig. 16) provides the interface
between the SBC and the R/Ts. Through some simple
instructions from the SBC, a certain launch tube can be
selected and the particular sonobuoy in that tube can be
interrogated and programmed. This card would provide the
capability to interface to 64 R/Ts. The card could be
used by all platforms and the platform would only use as
much capability of the card as required. For example,
the S-3 requires 60 R/Ts and has no internal stores, the
P-3C require 51 R/Ts and plus has internal storage, and
helicopters require even less. The design will be
described, but only in a high level.
The VMEbus interface logic provides the buffering
and interface to the VMEbus which includes a 24 bit
address bus, a 16 bit bi-directional data bus, a 16 MHz
system clock, plus various interrupt lines and handshake
signals. The output of this logic is an internal 16 bit
bi-directional data bus, the buffered address bus plus
various decoded chip selects and clocks.
The internal bus structure connects to "glue logic"
circuits which decode the internal address bus to provide
data latches for the various registers and buffers. Two
116
POI.ER
TUIlN
..........
L~JC'n....
OI'TICJll. 1lDIlTl: T"IICT'" SEUtTIlODDl JOORJ Jl.OCK _
.-. AIR 1£I.n.0I'lIEltT COt1SIt
TO AIRtRAFi SLTs
TR~lr ROW A
TRl¥'tSMIT ROW a
TRI=ttSM1T ROW C
TRMSMtr ROw D
TRIY'i$ttIT ROIol E
TR~StIIT ROW F'
TRll'iStUr ROw G
TRMSMIT ItOW H
RECEIVE ROW A
RECEIVE ROIl J
ItECEIVE: ROW C
RECEIVE RClIl· D
RECEIVE; ROU (
RECEIV( ROW r
RECEIVE ROIl G
RECEIVE R~ H
COlUMN SELECT I
COll.1f'tN snECT 2
COLUMN stU:CT J
COlUMN StU:CT 't
COLl.n't SELECT 5
COlUMN 5E:LECT 6
COLUt1N SELECT 7
COLUMtt SELECT 8
SEGI"£IlT
PlAYS
Os ITO_O
SH BUTTON
]
l 5U 5U ~ 5V 5U 50 5UTRANSl'UT....RECClV(COl UMN S'" CTOR
L
y
V Y----=r-~ II yI Y y
T/R BLANKING TRANSMIT
c ",,,. / $loIlTCH SlTI"'UAND .OIJ S TOR
I! I ! I tI SloUTCH
, I I1QIlJLATOR '.-.--BUf'fER .-
Itt till III,
TRAtfSMIT
• VAAl •
RECEIlJ(
III t t II
u
-l BU'T[R I RECEIV£RClIl T
"
I tit III LL~ :-II~IIR~ DD1lD\A.ATOR ~ ""J.,1 II
A MTA
Y"H' '"II ~OLUMN (m!k.C&_~Jlr OCTAl. BUS ~CCl'tTROL .. STATUS JlOF"'F'(R COMTROL .. STAllS <C,S> TRMSC£lVCRS
RE:GlST£RS =~ ~~~~~ L STATUS <C"'S>
- ADDReSS occooc ~ 11\ AT H
"GllJ( UXiIC· sa.. T....~D swnCH SElECT ~IOAAD R[SET j,
{" DATA
- INTERtiAl BUS 2't ADDRESS '---'
J DECODEn CHIP SELECTS ~
,. !lATA
I - IUS1t1T£Rf'ACC LOG[C ...
I
'--
~
UNe IUS
.."
,I-£)
(J\
I
0
r..... (j)..... (j)-.J .r:
V1
'"'It)
3
3
0
t::J
r1
3
ttl
0
clll!
""Q.
important registers are the control and status registers.
The output of the control register is used to control
various functions such as selecting column and row of the
SLT for communications. The input of the status register
is used to monitor the status of various functions, such
as the status of the receive and transmit buffers.
The internal data path is used to route data to and
from the DART which is used to convert the parallel data
to a serial format for transmission and convert the
received serial data to parallel. Initially a hardware
selected, fixed baud rate UART was envisioned, but
because of the capability of mUltiple baud rates, a
software controllable baud rate UART would be used.
Because of the high VMEbus bandwidth and slow ORFS baud
rate, a buffer for data into and out of the UART would be
used to speed match the busses and reduce the waiting
time of the SBC. These buffers may be external first-in,
first-out (FIFO) buffers or may be internal to the DART
depending on which DART is used.
In order to communicate to a specific launch tube,
the appropriate column would be selected. The column
select transistors switch the voltage on to the selected
column. The appropriate row would then be selected for
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transmission. The data in the transmit buffer would then
be sequentially loaded into the UART and serially sent to
the modulator. The modulator would be very similar to
the FSK modulator reported on previously. The modulated
message would then be routed out through the row selector
and out to the transmit row of the selected RjT.
The received message would be routed through the
receive row selector, through the demodulator, which
again would be similar to the previously designed
circuit, and into the UART for serial to parallel
conversion. The received parallel data would then be
loaded into the receive bUffer, and status signals would
alert the SBC that data has been received. The TjR
blanking switch is shown to point out the requirement of
a blanking function, but this function would actually
occur in the transmit and receive selector.
An item that has not been described yet, is a hand
held wand assembly which would be used to program
internal stores, and will be described in the next
section. The interface for this wand is also included on
the board. The interface consists of some status lines
to light certain indicators, control and data lines for
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seven segment displays, a start/reset input, and the
transmit and receive data lines.
6.4 THE ORFS WAND ASSEMBLY
One of the major benefits of the ORFS system is the
capability for automated inventory. There would no
longer be any guessing of the amount and type of
sonobuoys still available. As was mentioned, the P-3C
can carry 36 sonobuoys internal which are launched via
one of the three available internally loaded pressurized
launch tubes (P-tubes). So far, a technique has not been
presented to automatically inventory these internal
stores.
It turns out that the bin where the sonobuoy is
carried does not provide any positive latching mechanism
that would insure alignment of the R/Ts. Therefore; an
R/T mounted at each bin would not be feasible, nor would
it be required. As a proposed solution, an ORFS wand
(Fig. 17) could be developed to provide for semi-
automatic programming.
To accomplish the inventory, the wand operator would
only have to follow the indicator lights. The TACCO
would alert the wand operator and start the internal
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oFig 17 - Programming Wand Assembly
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inventory program. The wand 7 segment displays would
indicate which bin is requested to be programmed and the
ready LED would indicate the ORFS computer is ready to
start. The operator would place the wand R/T over the
sonobuoy R/T and press the start button. The ORFS
computer would light the programming LED and when the
reply is received, all displays would blank. If an error
occurred during the process, the error indicator would
light and would be cleared by the start/reset button so
the programming could be tried again ..
This wand assembly could also be used to program the
sonobuoy prior to insertion into the P-tube for launch.
The advantages of the wand assembly are that now the
inventory is accomplished directly with the mission
computer and the errors, confusion, verbal communication
and time are kept to a minimum.
6.5 SECTION SUMMARY
The whole focus of the Navy's ORFS program has been
to evaluate the optical link concept and previous test
results have shown that the concept is viable. In order
to show that the concept could be extended into a whole
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system, a preliminary system design was done and was
presented. The system in itself is not very complex but
requires careful thought with regards to hardware,
communications protocols, and R/T interconnecting wiring.
The MODEM design is centered about the previously
developed modulator and demodulator circuits with the
addition of a VMEbus interface and signal mUltiplexers
and demultiplexers. An added feature is the wand
assembly which would allow the ORFS system to operate in
a entirely computer controllable, sonobuoy programming
and inventory mode. When the Navy gives the go ahead for
the system development, more formal design reviews will
be done to evaluate the overall design.
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7.0 SUMMARY
This thesis details the evolution of the ORFS system
from development of the initial requirements, through
laboratory and aircraft development and testing, through
re-evaluation, re-design and testing, right through to a
proposed system design. The thesis also detailed the
tests done to characterize various components and
designs. The results of these tests will be used as a
data base for future development.
7.1 FINDINGS
The initial ASK modulation was determined to be an
acceptable technique for the optical link. The system
provided very robust performance at a very simple and
inexpensive implementation. If it could be guaranteed
that the ORFS system would not be required to operate
higher than 300 baud, than this is an appropriate scheme.
The problem with the ASK MODEM is the lack of flexibility
in increasing the baud rate for future applications. (As
a side note, some sonobuoy manufacturers are still
requesting that the SPD-22 specification be changed back
to the original version and the ASK being the accepted
technique because of the simplicity in implementation.
This issue is still somewhat open.)
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The FSK modulation technique is the preferred scheme
for this task. This modulation technique provided the
highest dynamic range, even though the circuit was built
on a noisy breadboard. with attention to good board
design and construction, the MODEM should have no trouble
operating at 0 BER at the 1200 baud specification value
and could also provide the capability to operate up to
19,200 baud.
Various optoelectronic components were tested, and
recommendations were given to which devices provided the
best dynamic range plus tolerated the expected
misalignment. Of course, what is missing is the lack of
real world data on the optical attenuation due to
environmental and operational conditions. Long term
operational testing is the only way only obtain that
data.
The proposed system design, though only a high
level, showed that there were no insurmountable
engineering problems. The designs are relatively
straight forward but there are still issues that need to
be worked out such as communication protocols, wiring
interconnects and of course the man-machine-interface.
When and if the Navy releases the system development
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money, these details will be worked out and the system
design and fabrication will begin.
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